Introduction
Sulfated or sulfonated negatively charged polymers including PRO 2000, cellulose sulfate (CS) and carrageenan have been evaluated in large-scale phase III clinical trials as topical microbicides to prevent HIV transmission in women. Disappointing results from trial studies demonstrated not only that CS and carrageenan were ineffective [1] [2] [3] , but that CS may have increased the risk of HIV infection [2] . In the HIV Prevention Trial Network (HPTN) 035 study (n = 3,087), 0.5% PRO 2000 gel was found to reduce the risk of HIV transmission by 30% compared with a placebo gel or no gel at all, but the effect was not statistically significant [4] . Recently, the Microbicides Development Programme (MDP) 301 trial study (n = 9,385) demonstrated that PRO 2000 did not protect women against HIV infection (http://www.mdp.mrc.ac.uk/ archive.html). The molecular basis of ineffectiveness of PRO 2000, CS and carrageenan in clinical trials is not clear. While it has been suggested that low concentrations of CS and PRO 2000 could enhance HIV infection [5, 6] , several studies demonstrate significant anti-HIV activities of these polyanionic polymers in vitro and ex vivo using various experimental systems [7] [8] [9] . These results suggest that the reasons for the ineffectiveness of these polyanionic polymers may be complex.
Mammalian defensins are antimicrobial peptides important to innate host defense [10] . Defensin levels are frequently elevated in response to infection in the mucosa [11] [12] [13] , suggesting a potential role in modulating HIV transmission. Human defensins 5 and 6 (HD5 and HD6) are highly expressed in intestinal Paneth cells and are also found in the genital mucosa [14] [15] [16] . Induction of HD5 has been reported in the genital fluid from subjects infected with Chlamydia trachomatis , Neisseria gonorrhoeae infection [12] or bacterial vaginosis [13] ; all are associated with an increase in the likelihood of HIV transmission [17] [18] [19] [20] . We have demonstrated that HD5 and HD6 significantly enhance HIV entry [21] . In addition, induction of HD5 and HD6 in response to gonococcal infection increases HIV infectivity [21] . HD5 is normally present at a concentration of 1-50 g/ml in the cervicovaginal larvage and can be induced 10-to 30-fold in response to sexually transmitted infections [12, 13, 16] .
In this study, we hypothesize that endogenous host factors such as HD5 and HD6 at the genital mucosa negatively impact the efficacy of candidate polyanion microbicides for HIV prevention. Our results demonstrate that HD5 and HD6 antagonize anti-HIV activity of polyanionic polymers in both HeLa-CD4-CCR5 cells and primary peripheral blood lymphocytes (PBLs), suggesting that it is important to consider the influence of host innate effectors on the efficacy of microbicides during preclinical evaluation.
Methods

Reagents
Recombinant human interleukin 2 (IL-2) was purchased from R&D Systems (Minneapolis, Minn., USA). Phytohemagglutinin (PHA), iota-and -carrageenan were from Sigma-Aldrich (St. Louis, Mo., USA). CS was purchased from Fisher (Pittsburgh, Pa., USA). PRO 2000 was kindly provided by Albert Profy at Endo Pharmaceuticals (Chadds Ford, Pa., USA). HD5 and HD6 as well as their linear unstructured forms, [Abu]HD5 and [Abu]HD6, in which the six cysteine residues were replaced by isosteric ␣ -aminobutyric acid (Abu) were chemically synthesized and folded as described previously [22] . The molecular mass and structure of the peptides were verified as described previously [22, 23] .
Cell Culture
PBLs from normal healthy blood donors were isolated by Ficoll-Hypaque gradient centrifugation followed by the removal of monocytes using a CD14-positive selection kit from Miltenyi Biotech (Auburn, Calif., USA). PBLs were stimulated with PHA at 5 g/ml and maintained in RPMI media supplemented with 10% fetal bovine serum (FBS) and IL-2 at 25 units/ml for 3 days at 37 ° C prior to viral infection. HeLa-CD4-CCR5 cells were provided by David Kabat (University of Oregon, Portland, Oreg., USA) and maintained in Dulbecco's minimal essential medium containing 10% FBS.
HIV-1 Infection
Serum-free replication-defective HIV-1 JR-FL Env-pseudotyped, luciferase-expressing reporter viruses were produced as described previously [21] . HIV-1 JR-FL pseudotyped luciferase reporter virus was incubated with polyanionic polymers at varying concentrations in the presence or absence of HD5, HD6 at 37 ° C for 1 h. Samples without polyanionic polymers were included as control. FBS at a final concentration of 10% (v/v) was added to the mixture of virus with various treatments before exposure to HeLa-CD4-CCR5 cells (5 ! 10 4 cells per well in a 48-well plate) or PHA-activated PBLs (1 ! 10 6 per sample) for 2 h at 37 ° C. Unbound virus was removed by washing and infected cells were incubated at 37 ° C for 48 h before lysis with passive lysis buffer (Promega Inc., Madison, Wisc., USA). Luciferase activity (relative light units) reflecting viral infection was measured on an EG & G MiniLumat LB9506 luminometer (Berthold, Bad Wildbad, Germany).
Results
Polyanion microbicides and HD5/HD6 primarily act on HIV entry. To determine whether HD5 and HD6 could affect the anti-HIV activity of candidate polyanion microbicides, HIV-1 JR-FL reporter virus was first incubated with various concentrations of PRO 2000, CS or iota-carrageenan in the presence or absence of HD5 and HD6 for 1 h. The virus mixture was then added to HeLa-CD4-CCR5 cells for 2 h. After washing off unbound virus, infected cells were cultured for 48 h before measurement of luciferase activity. HIV infection was examined as described in the Methods section. As expected, PRO 2000 (1 g/ml), CS (1 g/ml) and carrageenan (10 g/ml) inhibited HIV infection by 90%. Interestingly, PRO 2000 at 1 g/ml, CS at 10 g/ml and carrageenan at 100 g/ml lost their anti-HIV activity in the presence of HD5 and HD6, although PRO 2000 at 10 g/ml remained active against HIV infection ( fig. 1 a-c) fig. 1 d) . This result indicated that properly folded peptides were required for interference with the anti-HIV activities of polyanion microbicides.
To confirm the impact of defensins on the anti-HIV activity of these polyanionic polymers in primary HIV target cells, PHA-activated PBLs were exposed to HIV with or without polyanionic polymers in the presence or absence of defensins. In addition to Iota-carrageenan, -carrageenan was included in HIV infection of primary cells, as it was one of the active ingredients of the vaginal microbicide Carraguard. Similar to results found in HeLa-CD4-CCR5 cells, the anti-HIV activity of PRO 2000 (1 g/ml), CS (10 and 100 g/ml), iota-carrageenan (10 and 100 g/ml) and -carrageenan (10 g/ml) was significantly reduced or abolished in the presence of defensins ( fig. 2 ) . PRO 2000 appeared to be a more effective inhibitor in the presence of defensins compared to CS and carrageenan, as PRO 2000 at 10 g/ml blocked HIV infection of PBLs in the presence of defensins. Interestingly, the degree of the HIV-enhancing effect of defensins was reduced in the presence of high concentrations of PRO 2000, CS and carrageenan.
Discussion
Our results demonstrated that the host-innate effectors HD5 and HD6 antagonized the anti-HIV activity of polyanionic polymers in both HeLa-CD4-CCR5 cell lines and primary PBLs. Induction of HD5 has been reported in genital fluid from individuals with C. trachomatis and N. gonorrhoeae infection and with bacterial vaginosis [12, 13] . We have demonstrated that HD5 and HD6 significantly enhance HIV infectivity and that induction of these defensins contributes to enhanced HIV infection of conditioned media from N. gonorrhoeae -exposed vaginal epithelial cells [21] . Our recent preliminary data using different collection methods of clinical specimens revealed that HD5 was highly abundant in the endocervix from women without sexually transmitted infections. The levels of HD5 in endocervical samples collected by Merocel ophthalmic sponges (eluted in 0.7 ml; n = 12) and cytobrushes (in 3.5 ml; n = 10) were approximately 400 and 58 g/ml, respectively (unpubl. data). Therefore, the defensin concentrations used in this study were clinically relevant and the amount of HD5 in the endocervix was sufficient to antagonize polyanion microbicides.
While HD5 and HD6 interfered with the anti-HIV activity of polyanion microbicides, these polyanionic polymers also reduced HIV enhancing of HD5 and HD6. Both PRO 2000 and HD5/HD6 act on the step of HIV entry [8, 21] . It remains to be determined whether there is a competition between defensins and polyanionic polymers for HIV glycoproteins or whether it is simply the sum of the independent defensin and microbicide activities.
Reduction of anti-HIV activity of polyanionic polymers including polymethylenehydroquinone sulfonate and CS in diluted cervicovaginal lavage has been documented [8] . In addition to HD5 and HD6, other HIVenhancing peptides have been reported in human semen (semen-derived enhancer of viral infection) [24] . The HIV-enhancing effect of semen-derived enhancer of viral infection was abolished by polyanionic compounds [25] , while the HD5 and HD6 enhancing effect was relatively resistant to most polyanionic polymers, except PRO 2000, indicating that these peptides may promote HIV infection through specific mechanisms. While it remains to be determined whether HD5 and HD6 contribute to reduced efficacy of polyanion microbicides in the presence of cervicovaginal specimens, our results highlight the potential negative effect of mucosal host factors that needs to be considered during pre-clinical evaluation of microbicides to prevent HIV spread.
